Janssen PM. Kinetics of cardiac muscle contraction and relaxation are linked and determined by properties of the cardiac sarcomere. Am J Physiol Heart Circ Physiol 299: H1092-H1099, 2010. First published July 23, 2010; doi:10.1152/ajpheart.00417.2010.-The regulation of myocardial contraction and relaxation kinetics is currently incompletely understood. When the amplitude of contraction is increased via the Frank-Starling mechanism, the kinetics of the contraction slow down, but when the amplitude of contraction is increased with either an increase in heart rate or via ␤-adrenergic stimulation, the kinetics speed up. It is also unknown how physiological mechanisms affect the kinetics of contraction versus those of relaxation. We investigated contraction-relaxation coupling in isolated trabeculae from the mouse and rat and stimulated them to contract at various temperatures, frequencies, preloads, and in the absence and presence of ␤-adrenergic stimulation. In each muscle at least 16 different conditions were assessed, and the correlation coefficient of the speed of contraction and relaxation was very close (generally Ͼ0.98). Moreover, in all but one of the analyzed murine strains, the ratio of the minimum rate of the derivative of force development (dF/dt) over maximum dF/dt was not significantly different. Only in trabeculae isolated from myosin-binding protein-C mutant mice was this ratio significantly lower (0.61 Ϯ 0.07 vs. 0.84 Ϯ 0.02 in 11 other strains of mice). Within each strain, this ratio was unaffected by modulation of length, frequency, or ␤-adrenergic stimulation. Rat trabeculae showed identical results; the balance between kinetics of contraction and relaxation was generally constant (0.85 Ϯ 0.04). Because of the great variety in underlying excitation-contraction coupling in the assessed strains, we concluded that contraction-relation coupling is a property residing in the cardiac sarcomere. trabeculae; mouse; rat; calcium handling; exitation-contraction coupling NOT ONLY IS THE FORCEFULNESS of contraction of the myocardium important, but the speed at which the contraction and relaxation takes place is a critical determinant of cardiac performance. When the heart cannot relax sufficiently fast, and as a result cannot adequately fill the ventricles before the next excitation stimulus, cardiac output is compromised. Whether called heart failure with preserved ejection fraction, diastolic dysfunction, or impaired myocardial relaxation, inadequate relaxation kinetics of the heart pose a clinical problem that affects a very large fraction of patients with cardiac pathology (5, 16). To treat, manage, or possibly cure impaired myocardial relaxation kinetics, a better understanding of the cardiac relaxation process at the level of the cardiac muscle is warranted. It has become increasingly clear that myocardial relaxation is not a mere passive process that follows a contraction but a complex systems biology property that is brought about by a multitude of factors (30). These factors include cytosolic Ca 2ϩ handling (4), myofilament Ca 2ϩ sensitivity (1), cross-bridge cycling kinetics (7), the energetic state of the heart (40), and membrane potential as well as passive and active elastic properties (15) and the length of the sarcomeres (12). Not only do all these factors have the ability to influence cardiac relaxation but they impact on each other in a time-dependent manner. Because at no time during the cardiac beat are the above factors in equilibrium, it poses a significant challenge to understand the role of each component in this complex dynamic system. In isolation, the effect of one parameter on the other can be studied, but this may often not be representative of how this observed effect translates in the dynamic system when the other components are present. Thus, typical experiments where one parameter is perturbed and its effect on the system is assessed are hampered by the multitude of intermediate steps and modifiers in the system.
NOT ONLY IS THE FORCEFULNESS of contraction of the myocardium important, but the speed at which the contraction and relaxation takes place is a critical determinant of cardiac performance. When the heart cannot relax sufficiently fast, and as a result cannot adequately fill the ventricles before the next excitation stimulus, cardiac output is compromised. Whether called heart failure with preserved ejection fraction, diastolic dysfunction, or impaired myocardial relaxation, inadequate relaxation kinetics of the heart pose a clinical problem that affects a very large fraction of patients with cardiac pathology (5, 16) . To treat, manage, or possibly cure impaired myocardial relaxation kinetics, a better understanding of the cardiac relaxation process at the level of the cardiac muscle is warranted. It has become increasingly clear that myocardial relaxation is not a mere passive process that follows a contraction but a complex systems biology property that is brought about by a multitude of factors (30) . These factors include cytosolic Ca 2ϩ handling (4), myofilament Ca 2ϩ sensitivity (1), cross-bridge cycling kinetics (7) , the energetic state of the heart (40) , and membrane potential as well as passive and active elastic properties (15) and the length of the sarcomeres (12) . Not only do all these factors have the ability to influence cardiac relaxation but they impact on each other in a time-dependent manner. Because at no time during the cardiac beat are the above factors in equilibrium, it poses a significant challenge to understand the role of each component in this complex dynamic system. In isolation, the effect of one parameter on the other can be studied, but this may often not be representative of how this observed effect translates in the dynamic system when the other components are present. Thus, typical experiments where one parameter is perturbed and its effect on the system is assessed are hampered by the multitude of intermediate steps and modifiers in the system.
To gain a better understanding of myocardial contraction and relaxation kinetics, in this study we aimed to delineate the coupling of contraction kinetics and relaxation kinetics. We approached this by investigating the speed of contraction and speed of relaxation in intact, twitch contracting multicellular preparations. We investigated a number of different murine strains, which all had distinctly different genotypes and phenotypes, and assessed the twitch contractions under baseline conditions as well as with the three main physiological modifiers that alter myocardial contraction in vivo: length-dependent activation (35) , frequency-dependent activation (6) , and ␤-adrenergic stimulation (8) . By correlating the speed of contraction and relaxation in these different strains, a comparison with the genotype and phenotype provided novel insights to the governing of myocardial contractile kinetics.
MATERIALS AND METHODS
The majority of data presented in this article are derived from muscle studies published in the past 5 yr by our laboratory with or without the help of collaborating laboratories (18, 19, 21, 23, 29, 36) , with the remaining experiments having been conducted for this study specifically. However, the specific data in this article were collected during those studies but were not analyzed or presented in/for those studies. The methods used for all these studies were virtually identical, performed on nearly identical equipment, and assessed under the same conditions. The strains of mice analyzed in this study are shown in Table 1 .
Muscle preparation and experimental setup. Adult mice, weighing between 20 and 30 g, were anesthetized/euthanized by either halothane inhalation, cervical dislocation, or an injection of urethane. After intracardiac heparinization, the heart was rapidly excised using a bilateral thoracotomy and placed in Krebs-Henseleit buffer containing (in mM) 120 NaCl, 5 KCl, 2 MgSO 4, 1.2 NaH2PO4, 20 NaHCO3, 0.25 Ca 2ϩ , and 10 glucose (pH 7.4) Additionally, 20 mM 2,3-butanedionemonoxime (BDM) was added to the dissection buffer to prevent cutting injury (28) . The effects of BDM after a brief exposure have been found to be reversible (22) . The aorta was cannulated and retrogradely perfused with buffer equilibrated with 95% O 2 and 5% CO2 (pH 7.3-7.4). Blood was thoroughly washed out, and thin, uniform, nonbranched trabeculae, or the smallest of papillary muscles, from the right ventricle were carefully dissected, leaving a block of tissue at one end from the right ventricular free wall and a small part of the valve at the other end to facilitate mounting. Because of the low frequency of occurrence of such trabeculae, for most strains, on average, two to three mice were required for one successful experiment (36) . The dimensions of the muscles were measured using a calibration reticule in the ocular of the dissection microscope (ϫ40, resolution: ϳ10 m), and the cross-sectional area of the muscle was calculated assuming an ellipsoid shape to allow for a comparison of contractile properties between muscles. Care was taken to include only trabeculae that had a thickness or width of Ͻ150 m. The average thickness of all trabeculae used was ϳ80 -90 m to avoid the possibility of a hypoxic core of the muscle that would likely hamper interpretation of the data (32, 38) . All experimental protocols conformed with institutional guidelines regarding the use and care of animals at the respective institutions in which the work was performed. Experiments were approved by The Ohio State University's Animal Care and Use Committee and complied with the laws of the United States of America.
All muscles were mounted between a platinum-iridium basketshaped extension of a force transducer (KG7 or KG4, Scientific Instruments, Heidelberg, Germany, tissue block end) and a hook (valve end) connected to a micromanipulator or servo-controlled motor. Muscles were stretched to a length where a small increase in length resulted in about equal increases in resting tension and active developed tension. After muscles were equilibrated in the setup, baseline conditions were set (37°C, 1.5 mM extracellular Ca 2ϩ concentration, 4 Hz), and muscles were allowed to stabilize for at least 15-30 min before the experimental protocol was initiated. This "optimal length" is slightly below the length where active force development is maximal and was selected to be comparable to the maximally attained length in vivo (ϳ2.2-m sarcomere length) (33) .
To assess the effect of muscle length on cardiac contraction, slack length (length of muscle without any preload) and optimal length were determined. The difference was divided into three or four equal steps, and the muscle was stretched sequentially, with each step increasing the length of the muscle until the optimal length was achieved. Parameters were recorded once the muscle had stabilized at each length.
Next, we assessed the effects of increasing stimulation frequencies (4 -12 Hz and, in a subset of muscles, up to 18 Hz) at 37°C. At each frequency, forces were allowed to reach steady state before data were recorded. The stability of the trabeculae was ascertained by comparing the contractile behavior of the preparations under identical conditions (37°C, 4 Hz) in three different protocols (Ͼ10 min apart) throughout the experiment.
Finally, to determine the effect of ␤-adrenergic stimulation on contractile output, muscles were exposed to increasing concentrations of isoproterenol (1 nM-1 M) as the final protocol of each experiment.
Data analysis and statistics. Data were analyzed using customwritten software in LabView (National Instruments, Austin, TX). From each recorded twitch, maximal developed force, time from stimulation to peak tension, time from peak tension to 50% relaxation, and the minimal and maximal rates of the derivative of force development (dF/dt min and dF/dtmax, respectively) were calculated. Noise was reduced by applying a window-smoothing filter on the data, and most records were averaged from 5 to 10 twitches with the muscle in steady state. In the analysis program on the unfiltered twitch data on the display, we overlaid two straight lines, representing the steepest up-and downslope, which represented ϩdF/dt and ϪdF/dt. This has the advantage that for each measurement of dF/dt, we have a visual control that indicates whether the computer-calculated dF/dt, when superimposed on the unfiltered twitch, shows the best possible fit. Statistical analyses included an unpaired t-test and an analysis of covariance. Data are presented as means Ϯ SE unless otherwise stated. Figure 1 shows original recordings of twitch contractions obtained at different lengths, frequencies, and with and without ␤-adrenergic stimulation in absolute raw format (A) and normalized to the amplitude of peak force (B). Despite the wide variety of amplitudes and kinetics due to the experimental protocol, the twitch with the highest positive dF/dt max also displayed the highest negative dF/dt max (dF/dt min ). This held true for all conditions assessed.
RESULTS
The correlation between the maximal speed of contraction versus the maximal speed of relaxation for all assessed conditions during a typical experiment is shown in Fig. 2 . Figure 2 shows the data obtained at different lengths of the muscle (A), at different frequencies (B), and at different concentrations of isoproterenol (C). In Fig. 2D , all these data are presented in the same plot. A very tight correlation existed across all these conditions; the balance between the speed of contraction and speed of relaxation did not appear to be impacted by any of the experimental parameters. Not only was the correlation very tight, but it also appeared to intersect with the x-and y-axis at or very close to zero, indicating there was little or no offset to this relationship. After assessment of all data, we found that the offset was typically Ͻ1% of the range of the data obtained and was well within the margin of error of experimental noise. The correlation coefficient values of the correlations were Ͼ0.9 in handling was either impaired or enhanced, specifically regarding Ca 2ϩ uptake by the sarcoplasmic reticulum. Shown are lines in which all three main regulatory processes of frequency dependency, length dependency, and isoproterenol effects were assessed in a full data set (n ϭ 7-12 mice/group). Also shown are lines in which only two of the three processes were tested, or in which a full data set (n ϭ 4 -6 only) was not available, or where the muscle was subjected to a long fura-2-loading protocol and extensive experimentation at room temperature before body temperature data were collected (Ref. 37) . WT, wild type; MyBP-C, myosin-binding protein-C; SERCA, sarco(endo) plasmic reticulum Ca 2ϩ -ATPase; HET, heterozygous; DKO, double knockout; LAMP-2, lysosome-associated membrane protein-2.
all cases, with an average of well over 0.98, indicating a very close correlation. Even if all data were corrected for maximal force (i.e., each dF/dt was divided by the developed force), the correlation remained near 0.95 or better. This was expected since both x and y values are divided by the same number, shifting them proportionally along the correlation line, and the data only become a little bit more bundled, but the very obvious and highly significant correlation remains, indicating it is not the developed force that predominantly results in the correlation of dF/dt max and dF/dt min .
The slope of the relationship between dF/dt max and dF/dt min for all the analyzed data (as in Fig. 2D ) is shown in Fig. 3 . The slopes were assessed for each data set, and the steepness of these slopes was then averaged for each strain. Statistical analysis showed that the myosin-binding protein (MyBP)-C mutant was the only strain Ͼ2 SDs removed (P Ͻ 0.01) from A: absolute force of twitch contractions under the baseline condition of optimal preload and stimulated at 4 Hz (black), at low preload (green), at high frequency (blue), or in the presence of 1 M isoproterenol (Iso; red). These experimental conditions gave rise to very different degrees of twitch amplitudes. B: same data normalized to their individual peak force revealed that the twitch that contracted fastest (Iso treatment) also relaxed fastest, and a similar correlation was observed for all other conditions. Trabecula were isolated from a C57/BL6 mouse; temperature was 37°C. the average of the other 11 stains (slope of 0.84 Ϯ 0.02). The data were likewise analyzed not on the speed of contraction and relaxation but on the balance of time to peak force versus time from peak force to 50% relaxation. Again, all conditions in each strain showed an identical pattern to the dF/dt analysis: a very tight coupling between time to peak force and time from peak force to 50% relaxation was observed. The MyBP-C mutant again was the sole outlier, with a different slope compared with other strains (not shown).
Although the various strains have different Ca 2ϩ -handling properties, from these studies no Ca 2ϩ transient data were available to directly compared the up-and downstroke balance of the Ca 2ϩ transient to see whether it would correlate with the abovederived constant up-versus downstroke balance of force development. To provide a more direct assessment, we then analyzed the only data set in which we previously recorded calibrated Ca 2ϩ transients in parallel with force development (37) . First, we analyzed the slope of ϪdF/dt over dF/dt as shown in Fig. 3 for the other strains. The average slope of 0.85 Ϯ 0.07 was nearly identical to the average for the other strains (slope of 0.84 Ϯ 0.02). Next, we reanalyzed the Ca 2ϩ transient and force transient on the balance between time to peak tension versus time from peak tension to 50% relaxation; this is shown in Fig. 4 . We found that with a change in frequency, this ratio for the Ca 2ϩ transient changed significantly from 2.46 Ϯ 0.24 at 2 Hz to only 1.41 Ϯ 0.15 at 10 Hz (P Ͻ 0.05), whereas this ratio was not altered in the force tracing (from 0.54 Ϯ 0.03 to 0.52 Ϯ 0.02, P ϭ 0.34). In addition, in the example published in Ref. 37 , it was observed that the change in Ca 2ϩ over time (dCa/dt) was virtually unchanged from 2 to 8 Hz, whereas ϪdCa/dt is much slower, and the balance of ϩdF/dt versus ϪdF/dt tracings is virtually identical.
All the above data were assessed at 37°C, yet a significant body of work on in vitro myocardial contraction, in fact the majority of such studies to date, is done at room temperature, for a variety of mostly technical reasons. It is well known that lowering the temperature causes a slow down of contractile kinetics, and thus the lower end of the kinetic range is more easily assessed at room temperature. Figure 5 shows data from our previous work in which the same muscles were studied at both room temperature as well as body temperature and, in addition, under a variety of lengths and frequencies at both temperatures (23) . Figure 5A shows average values for the same analysis on a wide variety of protocols in rat trabeculae. Again, we found a very close correlation between the maximal speed of contraction and the maximal speed of relaxation. However, in one of the protocols, we did find that there was a significant deviation from all other protocols: when a muscle contracted at low temperature, at low frequency, and at suboptimal preload, the balance between contraction and relaxation shifted such that it took disproportionally less time to relax than it did to contract. This can be more clearly seen in the data shown in Fig. 5B , where the time from stimulation to peak force is plotted against time from peak force to 50% relaxation. Again, highly linear behavior was observed, completely independent of the developed force, as only timing factors were correlated.
To test whether a common unifier could be the level of developed force, we plotted the kinetics of the various twitches in the protocols versus the developed force attained (Fig. 6) . Figure 6A shows that at a given force level, many different values for dF/dt can be obtained, and thus the kinetic unifier that is constant over all these conditions is not primarily dependent on the level of active developed force. Still, some linearity with force was observed, but note that force is factored into both axes. Figure 6B shows the same data with the kinetic information now independent of force, thus, as a true kinetic parameter (dF/dt/F; in s Ϫ1 ). It can be again seen that for a given level of force, many different twitch kinetics can be reached and that the peak twitch force (x-axis) is not the primary regulator of twitch kinetics. Fig. 4 . The ratio of the duration of relaxation versus contraction [time from the peak transient to 50% decay (RT50%) divided by the time to the peak of the transient (TTP)] for Ca 2ϩ was significantly impacted by a change in frequency, whereas this ratio for force was unaffected. n ϭ 5. *P Ͻ 0.05 by paired t-test. 
DISCUSSION
The overall finding of our studies is that the balance between contraction and relaxation in the myocardium under near physiological conditions is amazingly constant and not significantly impacted by length, frequency, or ␤-adrenergic stimulation. This implies that the kinetic balance of a dynamic twitch contraction is an inherent property of the contractile apparatus of the myocardium and, thus, that this balance appears not influenced by the excitation-contraction (E-C) coupling process. Thus, the contraction-relaxation coupling appears "predetermined" at the onset or very early during a beat. Clearly, the kinetics of a cardiac beat are regulated; our data confirm the common knowledge that an increase in length slows kinetics, whereas an increase in either stimulation frequency or ␤-adrenergic stimulation accelerates contractile kinetics. Here, we now show that the regulatory mechanism affects contraction and relaxation kinetics completely proportionally.
The significantly different underlying E-C coupling processes of the various analyzed strains leads us to conclude that the processes that affect contraction-relaxation coupling are solely to be sought in the myofilament matrix. We did not find any differences in mice with enhanced Ca 2ϩ cycling [i.e., overexpressing sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA)1a] (19, 25) , reduced Ca 2ϩ cycling (SERC2a heterozygous knockout mice) (19, 31) , or various groups of control mice (36) . Likewise, in mdx mice, which suffer from muscular dystrophy due to a lack of dystrophin, or in a more severe model where the compensatory utrophin is also lacking (13, 21) , this contraction-relaxation balance is completely maintained. Moreover, we analyzed several many more strains (not included in the overall analysis) in which we did not have all three regulatory processes but where we were able to assess at least baseline contractions and one or two of the three processes (length, frequency, or ␤-stimulation; see Table 1 ). In none of these other models, which included knockout of lysosome-associated membrane protein-2 (39), knockout of sarcolipin (unpublished data; collaboration with Dr. Persiasamy), and overexpression of sarcolipin (2), and another strain of normal controls at various ages and from both genders (C57BL/6 and C57/BL10), was the balance between contraction and relaxation different for any given protocol or condition. In several of these additionally assessed models, Ca 2ϩ uptake, but not release, is either impaired or enhanced, but this again did not change the contraction-relaxation balance in any of the models. Only in one of our previous studies (37) did we assess calibrated Ca 2ϩ transients simultaneously. From the data obtained in that study (but not analyzed for that study), we showed that indeed with a change in, for instance, frequency, Fig. 5 . A: correlation of speed of relaxation and speed of contraction in rat trabeculae (average data from n ϭ 10 trabeculae) under various conditions. FS, Frank-Starling relationship, with muscle contracted at four different lengths; 0.5, 1, or 2, stimulation frequency; RT, room temperature (held at 22.5°C); BT, body temperature (held at 37.5°C); TEMP, 1 Hz, with the optimal length at various temperatures (in 2.5°C steps) between RT and BT; Iso, various concentrations of Iso. B: because the slowest data (low dF/dt) are bundled, and to convey that the correlation hold true for timing parameters in general rather than only dF/dt, we ploted the same data but now correlating TTP to RT50%. All data except for those at low preload, 0.5 Hz, and at the lowest temperature (), deviated significantly (P Ͻ 0.05 by ANOVA) from the mean correlation. Fig. 6 . A: lack of direct correlation between the level of active force development and dF/dt. dF/dt data are from the experiments in Fig. 5 plotted versus the developed force of the twitch contraction. Although for many perturbations, such as changes in length and temperature, there appeared to be a (near) linear correlation between force and dF/dt, it may be due to the mathematical relation between F and dF/dt. B: we plotted the same data, now as true kinetics, by factoring out force in the kinetics by dividing by peak force (dF/dt/F; in s
Ϫ1
). It is evident that for a given level of force development, the kinetics can vary widely.
the balance between the Ca 2ϩ transient up-and downstoke changes highly significantly, but this did not affect the contractile balance of contraction versus relaxation.
When analyzed mathematically, the ratio of relaxation speed compared with contraction speed was 0.82 with a SD of 0.08 (SE was 0.02). Although the SD was nearly 10%, this was mostly due to muscle-to-muscle variation, as within one muscle the variation was significantly less, typically only 1-2%. Only one strain was Ͼ1 SD removed from the overall mean; mice with truncated MyBP-C relaxed significantly slower than they contracted (29) , with a ratio of only 0.61 (P Ͻ 0.01). However, in this strain, none of the perturbations (length, frequency, or ␤-stimulation) changed this coupling parameter, indicating indeed that this is related to a structural entity, residing downstream from Ca 2ϩ handling within the sarcomere. This truncation of MyBP-C has shown to severely affect elastance; it has been shown to lead to a striking abbreviation of the time to peak elastance in the heart (29) , similar to the contraction-relaxation coupling observed in the analysis of the data presented here.
In the normal rat myocardium, we observed the same contraction-relaxation coupling phenomenon; not only was there the same tight coupling between speed of contraction and speed of relaxation, but this ratio was 0.85 Ϯ 0.04, very close to the average of 0.82 observed in mice. In fact, when excluding the MyBP-C data from all the analyzed murine strains, this ratio was 0.84 on average in all remaining strains. This ratio remained constant in the rat, even when temperature was lowered to 22.5°C, and contraction kinetics were generally five to six times slower. Interestingly, one protocol could change this ratio: when preload was lowered, at 22.5°C, and stimulated at 0.5 Hz, this ratio was slightly lower. Under these conditions, other processes, such as Ca 2ϩ uptake into the sarcoplasmic reticulum, may become rate limiting. Interestingly, this is the most nonphysiological condition of all protocols performed. When either preload was introduced or temperature was raised or stimulation frequency was raised, this ratio normalized. In a previous study (14) , also at room temperature in which sarcoplasmic reticulum Ca 2ϩ uptake was pharmacologically inhibited, Dobrunz and coworkers showed that this can slow the twitch down dramatically. Thus, although there are conditions in which the contraction and relaxation kinetic balance is disrupted, these only occur under very nonphysiological conditions. Moreover, in the MyBP-C truncated strain, where Ca 2ϩ transients display a delayed Ca 2ϩ uptake, normalizing the uptake in isolated myocytes by crossing this strain with phospholamban knockout mice normalized contraction and relaxation, but only in unloaded myocytes at low pacing rates; the ventricular function remained impaired (34) . Thus, under all but extremely nonphysiological experimental conditions, contraction-relaxation coupling is constant and not changed by processes that generally govern cardiac output.
Length, frequency, and ␤-adrenergic stimulation are the main regulatory systems used by the heart to change contractile force, and these interventions all, to certain extent, modify myofilament Ca 2ϩ sensitivity (11, 24, 26, 42) . Although in vivo the extracellular Ca 2ϩ concentration is highly regulated to remain constant, experimentally bathing Ca 2ϩ concentration can be used to change muscle force. Analysis from earlier work shows that changing the extracellular bathing Ca 2ϩ concentration also does not change the balance between contraction and relaxation. From Ref. 22 (Fig. 3) , we deducted that when the time to peak versus time to 50% relaxation was compared at 0.2, 0.5, and 2 mM Ca, this ratio was unchanged (0.69, 0.70, and 0.70, respectively). Likewise, in rabbit muscles at 1, 2.5, and 4 mM bathing Ca 2ϩ , a similar kinetic balance was found (Ref. 27 ; Fig. 5) .
From our analysis, we concluded that the governing mechanism that unifies contraction and relaxation kinetics ("kinetic unifier") lies within the sarcomeric matrix. We can currently only speculate as to which singular determinant governs the kinetic balance between contraction and relaxation. It has been postulated that the prolongation of relaxation is governed by the feedback of cross-bridges (10) on either the detachment rate or on thin filament activation (20) . This would imply that when force increases, the kinetics slow down, and a close correlation between force and kinetics would exist. Such a correlation between force and kinetics, as previously published by us (22) and others (9), can indeed be observed but generally only holds true when only one experimental factor was altered. However, when different perturbations are forced upon the system, this correlation between force and kinetics is clearly not the primary kinetic unifier. As can be derived from the results shown in Fig. 6B , at a given force level, many different kinetics of contraction can be generated using various experimental conditions, including frequency, length, temperature, or the presence of ␤-stimulation. If, on one hand, the number of cross-bridges generated is thus not the primary mechanism that unifies kinetic rates, either cross-bridge cycling speed or thin filament activation could potentially encompass the kinetic unifier. Generally, it is assumed that cross-bridge cycling is a slower, and therefore a more rate-limiting step, than thin filament activation/deactivation (3, 17, 43) . Indeed, assessments of various kinetic parameters at room temperature could lead one to conclude that this is the case. However, it is likely that at body temperature, the rate-limiting step is not necessarily to be found at the level of cross-bridge cycling; kinetics of force generation are accelerated very significantly at body temperature compared with room temperature (23) , and other processes may accelerate in a much less pronounced way and could then take over as rate limiting at physiological temperature. Recent unpublished data (Davis and P. M. L. Janssen) have indeed indicated that troponin C Ca 2ϩ on and off rates, which are much faster than cross-bridge cycling kinetics at subphysiological temperature, only very mildly accelerate when temperature increases and may indeed become slower than cross-bridge cycling rates. We can only speculate as to what underlies the kinetic unifier. The data indicate that force kinetics may be "set" at the beginning of a cardiac twitch and that the ensuing E-C coupling and sarcomeric events can only determine the overall amplitude and overall duration but not the balance between contraction and relaxation. The peak of the Ca 2ϩ transient occurs well before peak force is attained; thus, the decay of the Ca 2ϩ transient may likely affect the overall duration of both contraction and relaxation kinetics rather than only impact the relaxation phase of force. Potentially, the period at which the intracellular Ca 2ϩ concentration is above the troponin C "threshold" may primarily determine the duration of thin filament activation, and the "preset" kinetics govern force of contraction and relaxation through thinthick filament interactions at preset kinetics. Unfortunately, assessments of molecular level processes are hampered by trans-lation into the in vivo complex dynamic situation, and, thus, at present, no conclusive data are available to unambiguously denote the thin filament activation level as the kinetic unifier.
In summary, we found that the speed and timing of contraction in the isolated myocardium is directly correlated to the speed and timing of relaxation. Moreover, this balance of contraction-relaxation coupling remains the same when the heart modulates its cardiac output via its normal regulatory responses of volume-dependent regulation, frequency-dependent regulation, or ␤-adrenergic stimulation. Only under conditions far removed from those prevailing in vivo can the balance of contraction and relation be perturbed. This balance is preserved in various models where E-C coupling is severely affected, and the ratio was only found to be affected in mice with a major perturbation of a myofilament-based protein. We conclude that the governing balance of contraction-relaxation kinetics resides at the level of the sarcomere function and is not primarily dictated by Ca 2ϩ -handling processes upstream.
